ABSTRACT
INTRODUCTION
Combination antiretroviral therapy (cART) has significantly reduced HIV-1 associated morbidity and mortality (1, 2) . Nevertheless, cART is unable to completely eliminate HIV-1, and a subset of host cells is still latently infected with HIV-1 proviruses despite of treatment, mainly in resting CD4 T cells. These viral reservoirs are long-lived, selfreplenishing and refractory to cART, although viral load in plasma level is under detectable level (3, 4) . Additionally, they contribute to residual viremia and viral rebound (5) . They are characterized as having transcriptionally silent but inducible replication-competent proviruses that can lead to the production of infectious viruses when stimulated (6) (7) (8) . Multiple host mechanisms have been proposed for establishment and maintenance of HIV-1 latency, well summarized elsewhere (9) . Epigenetic silencing is definitely one critical step.
The 5 LTR of integrated HIV-1 proviruses contains the promoter/enhancer elements and is the center for epigenetic regulation of HIV-1 latency. There are two precisely positioned nucleosomes (nuc-0, nuc-1) in their basal repressed transcriptional state, which is separated by the nucleosomefree regulatory region including multiple transcription factor binding sites at 5 LTR (10) . In particular, nuc-1 is located immediately downstream of the transcription start site, and it is highly suppressive to transcription and substantially remodeled once the latent HIV-1 proviruses is reactivated by external stimuli (11) . For the integrated HIV-1 proviruses, their expression is subjected to the epigenetic regulation as other cellular genes, and influenced by the status of chromatins (euchromatin versus heterochromatin). The post-translational modification of the core histone proteins (H2A, H2B, H3, H4) forming the nucleosome is one of the key mechanisms that regulate the chromatin conden-sation and determine the latent state of HIV-1 proviruses, mainly including histone methylation and acetylation (12) . These histone modifications are critical for the accessibility of nuc-1, which can be pharmacologically targeted to reverse HIV-1 latency (13, 14) .
Histone acetylation is reversibly modified by the histone acetyltransferases (HATs) and histone deacetylases (HDACs). In general, HATs transfer the acetyl group to the lysine residues of histone proteins and promotes chromatin opening while HDACs remove the acetyl group and result in the repressive chromatin. Similarly, histone methyltransferases (HMTs) and histone demethylases (HDMs) oppositely and reversibly process histone methylation: HMTs are able to transfer 1-3 methyl groups to both lysine and arginine residues of histone proteins while HDMs remove these methyl groups. However, genetic consequence of histone methylation is more diverse than histone acetylation: methylated histones either repress or activate transcription, which really depends on which residue(s) of histones are methylated as well as what kind of methylation is on the residue(s). The relative activities of these epigenetic writers/erasers determine the ultimate level of histone markers, which can be recognized by readers, including chromatin remodelers and transcription factors, to execute their regulatory functions.
Therefore, multi-layered and comprehensive epigenetic regulations involving the multiple host factors are imposed on the HIV-1 proviruses, determining their transcriptional and latent fate. However, so far only limited host epigenetic regulators have been illustrated and studied in the context of HIV-1 latency. Identification of previously underappreciated LPGs contributing to epigenetic silencing of HIV-1 proviruses, and further investigation of their molecular mechanisms will not only improve our understanding of HIV-1 latent infection, but also facilitate the development of new strategies to tackle with latently infected HIV-1 proviruses by pharmacologically targeting the host epigenetic regulators. In this report, we identified the histone demethylase, MINA53 (MYC-induced nuclear antigen 53 kDa), as a potentially novel LPG from screening of the CRISPR/Cas9 sgRNA libraries particularly enriched with human nuclear proteins, and we further validated MINA53 using cell models of HIV-1 latency and investigated MINA53's underlying mechanisms involved in maintenance of HIV-1 latency. 
MATERIALS AND METHODS

Antibodies, peptides and proteins
Cells
HIV-1 latency cell lines, J-LAT A2, L-LAT 10.6 and U1/HIV, were obtained from NIH AIDS reagent program, and cultured in RPMI-1640 medium with 10% FBS. Primary CD4 T cells were purchased from Lonza, and cultured in complete medium (RPMI-1640, 10% FBS, 1× glutamine, 1× MEM non-essential amino acid solution, 20 mM HEPES). HIV-1 reactivation in these cells was analyzed by flow cytometry (Accuri 6plus) for measuring GFPpositive cells or by qPCR for measuring Gag mRNA level.
CRISPR/Cas9 screen
Lentiviral sgRNA sub-library targeting nuclear proteins was acquired from Addgene (Cat. # 51047). The plasmid expressing Cas9 was a kind gift from Dr Joshua Munger (University of Rochester). For the CRISPR/Cas9 sgRNA screen, we followed the previously published protocol (15) . Lentiviruses were packed in HEK293T cells using threevector system including psPAX2, pMD2.G and lentiviral vectors expressing Cas9 or sgRNA sub-library. J-LAT A2 cells were transduced with lentiviruses expressing Cas9, followed by the puromycin selection for 4 days before its use for screen. Cas9 expression in J -LAT A2 cells was measured by qPCR (data not shown). J -LAT A2 cells stably expressing Cas9 were spin-inoculated with lentiviruses expressing sgRNA sub-library at the MOI of 0.3-0.5 in the presence of polybrene (8 g/ml). At 7 days post transduction, GFP-positive cells were sorted. Both sorted and unsorted cells were harvested for extraction of genomic DNAs using the QIAmp® DNA Mini Kit (Qiagen). Nested PCRs were performed to amplify the sgRNA sequences, which was further processed for deep sequencing on HiSeq 2500 Sequencing System (Illumina) at University of Rochester Genomics Research Center. The sgRNA reads were further de-convoluted, and the abundance of each sgRNA (sorted/unsorted) was determined.
RNAi knockdown
siRNAs were used to transfect resting CD4 T cells. The control siRNA contains a pool of Silencer Negative siRNAs (Nos. 1-4, AM4611, AM4613, AM4615 and AM4641, Life Technologies). MINA53 siRNAs: siMINA53-1, 5 -GGG UCC CUG UUC AAG CUA A-3 ; siMINA53-2, 5 -GAA CCA UUC AUC AAG CGG A-3 (Life Technologies). Gene-specific or non-targeting (NT) shRNAs were cloned into pAPM or pInducer10 lentiviral vector as previously described (16) , using XhoI and EcoRI sites. These lentviral vectors were packed into lentiviruses by cotransfection with psPAX2 and pMD2.G package vectors into HEK293T cells. pAPM lentiviruses were transduced into J-LAT A2, J-LAT 10.6 or U1/HIV cells, and pInducer10 lentiviruses into primary CD4 T cells, which were selected by puromycin. shRNA expression in pInducer10-transduced cells was induced by treating cells with doxycycline (0.1 g/ml). Knockdown of shRNA-targeted genes 
Quantitative PCR (qPCR)
To measure shRNA-mediated gene knockdown or HIV-1 proviral gene expression, total RNAs from the studied cells were isolated using Qiagen RNeasy Minikit (741014), and reverse-transcribed using iTaq™ Universal SYBR R Green Supermix (Bio-Rad, 172-5121). The gene-specific primers were mixed with cDNA templates and iTaq™ Universal SYBR R Green supermix (Bio-Rad). qPCR was carried out on the CFX Connect™ real-time PCR detection system (Bio-Rad) in a total volume of 20 l. 
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed as described previously (16) . Cells were cross-linked by using 0.5% formaldehyde, followed by treating with 125 mM glycine to quench the reaction. After washing with cold 1× PBS, cells were lysed for 10 min on ice in 1× CE buffer (10 mM HEPES-KOH [pH 7.9], 60 mM KCl, 1 mM EDTA, 0.5% Nonidet P-40, 1 mM DTT and protease inhibitor tablet). The nuclei were pelleted by centrifugation at 700 × g for 10 min at 4
• C and re-suspended in 1× SDS lysis buffer (1% SDS, 10 mM EDTA, 50 nM Tris-HCl [pH 8.1] and protease inhibitor mixture). Nuclear lysates were sonicated for 2 min to fragment genomic DNAs, and subsequently diluted to 10-fold with 1× ChIP buffer (0.01% SDS, 1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl [pH 8.1], 150 nM NaCl and protease inhibitor mixture). The lysates were incubated for overnight at 4
• C with specific antibodies or control mouse IgG or rabbit IgG. Protein A/G beads (Invitrogen) were pre-blocked with 0.5 mg/ml BSA and 0.125 mg/ml calf thymus DNA for 1 h at 4
• C, and then added to the lysateantibody mixture for another incubation at 4
• C for 2 h. IPed samples were washed with the following buffers: low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl); high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM TrisHCl, pH 8.1, 500 mM NaCl); LiCl buffer (0.25 M LiCl, 1% NP-40, 1% Na-deoxycholace, 1 mM EDTA, 10 mM Tris-HCl [pH 8.1]); and 1× TE buffer (10 mM Tris-HCl [pH 8.1], 0.1 mM EDTA)], and were eluted with 1× elution buffer (1% SDS, 0.1 M NaHCO 3 ) at room temperature. To reverse the cross-linking, the eluted samples were incubated at 65
• C for overnight in the presence of 0.2 M NaCl. The eluted samples were then treated with proteinase K, and the DNA species were precipitated by using phenolchloroform. The DNA pellets were re-suspended in water and quantified by qPCR. Input (1%) was used for qPCR analysis. The results were normalized to input values (percent input = 2
CD4 T-cell models of HIV-1 Latency
Two primary cell models of HIV-1 latency were used to determine MINA53's contribution to HIV-1 latency. One primary CD4 T cell model of HIV-1 latency was previously described by Vicente Planelles' group (16) . dHIV-nef viral vector was a kind gift form Dr Vicente Planelles (University of Utah). Naïve CD4 T cells from healthy donors (Lonza) were stimulated with anti-human CD3 and CD28 antibodies (eBioscience) pre-coated on a Nunc-Immuno MaxiSorp plate (Thermo Scientific). Activated CD4 T cells were incubated with complete medium supplemented with 10 ng/ml of TGF␤, 2 g/ml of anti-human IL-12 and 1 g/ml of anti-human IL-4 (R&D Systems) for 3 days. These cells were spin-inoculated with pInducer10 lentiviruses at 1741 × g at 37
• C for 2 h. Cells were re-suspended in complete medium supplemented with 100 IU/ml of rIL-2 and kept in culture for 4 days. On day 7, cells were infected with VSV-G pseudotyped dHIV-nef viruses and selected with puromycin (1 g/ml). Cells were kept in culture for another 10 days and then treated with doxycycline (0.1 g/ml) for 4 days to induce shRNA expression. On day 21, cells were collected and subjected to RNA extraction and RTqPCR assays to quantify HIV-1 Gag RNAs. To determine the latency-reversing effect of JIB-04, the above CD4 T-cell model was used with slight modifications. Cells were infected with VSV-G pseudotyped dHIV-nef viruses and kept in culture for 10 days, followed by the treatment with indicated compounds: JQ1 (1 M), JIB-04 (1 M), bryostatin-1 (10 nM), anti-CD3/CD28 antibodies (1:1) or DMSO. These compounds were used either alone or in combination. At 24-h post treatment, a portion of cells was aspirated for cell viability measurement while the compounds were removed from the remaining cells, which were re-suspended in the fresh complete RPMI media and kept in culture for another 3 days. These cells were subjected to the qPCR assay to quantify HIV-1 Gag mRNAs. We also employed another primary cell model established by Una O'Doherty's group with slight modification (18) . Briefly, resting CD4 T cells were isolated from naïve primary CD4 T cells. Cells were cultured in the presence of IL-2 (30 U/ml) for 3 days, and then spinoculated with VSV-G pseudotyped dHIV-nef viruses at 1200 × g for 2 h at 25
• C. MINA53 siRNAs (siMINA53-1, siMINA53-2) or negative control siRNAs (siNT) were transfected into these cells via electroporation by using the recommended protocol (Neon Transfection System, Thermo Fisher). On day 3 post of transfection, cells were harvested and subjected to RNA extraction and RTqPCR assays to quantify MINA53 or HIV-1 Gag RNAs. To evaluate the latency-reversing effect of JIB-04, the above resting CD4 T-cell model was also used. Cells were infected with VSV-G pseudotyped dHIV-nef viruses and kept in culture for 3 days. These HIV-infected cells will be treated with compounds and assayed similarly as in the Vicente Planelles model.
Ex vivo analysis using CD8-depleted PBMCs of aviremic patients
PBMCs were isolated from cART-treated, HIV-infected AIDS aviremic patients as previously described (16) . Cells were cultured in the complete RPMI media with the presence of Nevirapine (600 nM) and IL-2 (30 IU/ml) for 3 days. CD8+ T cells were depleted by using the CD8 MicroBeads, human (Miltenyi Biotec). CD8-depleted PBMCs were treated with the indicated compounds: JQ1 (1 M), JIB-04 (1 M), bryostatin-1 (10 nM), anti-CD3/CD28 antibodies (1:1) or DMSO. These compounds were used either alone or in combination. At 24 h post treatment, a portion of cells was aspirated for cell viability measurement while the compounds were removed from the remaining cells, which were re-suspended in the fresh complete RPMI media and kept in culture for another 3 days. Supernatants were collected and subjected to the extraction of HIV viral RNAs by using the QIAmp® Viral RNA Kit (Qiagen). Nested qPCR assay was performed to quantify HIV viral RNAs as previously described (19) . A serial dilution of HIV-1 IIIB viral RNAs with known concentration was used to establish standard curve for calculating the copy numbers of HIV viral RNAs in supernatant.
Cell viability assay
Cell viability was determined by measuring intracellular ATP level using Cell Titer Glo (Promega) or LIVE/DEAD™ Fixable Far Red Dead Cell Stain Kit (for primary CD4 T cells or CD8-depleted PBMCs) as previously described (20) .
RESULTS
CRISPR/Cas9 screen identifies novel nuclear proteins promoting HIV-1 latency
To further improve our understanding of host cellular machineries contributing to HIV-1 latency, we aimed to identify novel HIV-1 latency-promoting genes (LPGs) through the CRISPR/Cas9 functional genomic screens. We decided to initially focus on screening nuclear proteins since it is more likely that the host proteins residing in nucleus interfere with the transcriptional status of integrated HIV-1 proviruses. We utilized the sgRNA sub-pool library targeting nuclear proteins previously generated by Sabatini and Lander's groups (15) . The screening strategy was illustrated ( Figure 1A) . The lentiviral pCW-Cas9 was transduced into J-LAT A2 cells harboring latently infected 'LTR-Tat-IRES-GFP' HIV-1 minigenome, and the stable cell line was selected by puromycin. Cells were further transduced with the lentiviral sub-pool libraries (10 sgRNAs per gene for 3733 nuclear proteins) for 7 days, followed by sorting GFP-positive cells indicating HIV-1 reactivation by flow cytometry. Un-sorted, GFP-negative cells were also harvested. Both GFP-positive and negative cell populations were subjected to genomic DNA extraction followed by PCR amplification of sgRNA barcodes. Barcode libraries were prepared for DNA deep sequencing. Abundance of each sgRNA in both GFP-positive and negative cell populations was deconvoluted, and its enrichment (GFP-positive versus negative) was determined. Presumably, sgRNA-mediated depletion of a LPG would result in the GFP expression so that the LPG's sgRNA shall be enriched in GFP-positive, i.e. HIVreactivated cells.
The CRISPR/Cas9 screening results were processed using a comprehensive analysis pipeline, HiTSelect, which has demonstrated the superior performance on the data from both genome-wide RNAi and CRISPR/Cas9 screens (21) . Genes were ranked according to their false-discovery rate (Fdr). In total, we identified 446 genes with Fdr ≤ 0.1 (Figure 1B and Supplementary Table S1 ). Among them, most (394 out of 446) genes were scored with ≥2 active guideRNAs. We next compared our screening results with previous datasets relevant to host-HIV interactions. A genomewide shRNA screen of 19 056 genes was performed to identify host factors regulating HIV-1 latency and reactivation (22) . From this screen, the total 2104 genes were claimed as the potential LPGs. About 51 genes were overlapped between our nuclear protein CRISPR screen (446 genes) and the above genome-wide shRNA screen (2104 genes), which is statically significant (P-value: 5.76 × 10 −3 ) from the hypergeometric simulation test (23) (Figure 1C and Supplementary Table S2 ). We also wondered whether our LPG candidates are involved in host-HIV protein-protein interactions (PPIs). From comparison of our nuclear protein CRISPR screen (446 genes) with 587 host-HIV literaturecurated PPIs (VirusMint) as well as 522 host-HIV PPIs identified from a proteomic study (24) , 21 LPG candidates involved in 23 known host-HIV PPIs were identified (Figure 1D and Supplementary Table S2 ). We further analyzed the pathway enrichment of our nuclear protein CRISPR screen (394 genes) using the Reactome database of bio- (Figure 2A and Supplementary Table S3 ), the most significant two are 'chromatin modifying enzymes' and 'chromatin organization' (P-value: 1.69 × 10 −8 ). There were 28 nuclear proteins associated with these two pathways, which can be functionally cataloged in histone protein, acetylation/deacetylation, methylation/ demethylation, and SWI/SNF complex (Figure 2B) .
Verification of MINA53 as a potential LPG using multiple cell models
Our nuclear protein CRISPR screen suggests that a set of histone demethylases potentially promotes HIV-1 latency, which is surprising since the earlier studies showed that a set of counteracting enzymes, i.e. histone methyltransferases, also promotes HIV-1 latency (25) (26) (27) (28) . We further validated the significantly enriched histone demethylases (KDM1B, KDM4A, KDM5A, MINA53, UTY) by alternative RNAi approach. Depletion of these histone demethylases by their shRNAs resulted in HIV-1 reactivation in J-LAT A2 cells comparing to the non-targeting (NT) shRNA ( Figure 2C ), while their expression was significantly reduced due to RNAi-mediated knockdown measured by qPCR ( Figure 2D ). KDM1B (LSD2) (29, 30) and KDM5A (JARID5A) (31, 32) are histone H3 lysine 4 (H3K4) demethylases catalyzing the active mark H3K4me3. KDM4A (JMJD2A) catalyzes H3K9me3 (inactive) and H3K36me3 (active) substrates (33, 34) . Similar as UTX (KDM6A), UTY (KDM6C) is male-specific lysyl demethylase catalyzing demethylation of H3K27me3 with reduced activity (35) , but UTY was not well characterized as UTX that is required for Tat to remove the repressive mark H3K27me3 at LTR (36) . MINA53 (MDIG, JMJD10) was suggested to demethylase H3K9me3 (37), but such activity was not observed in another earlier study (38) . Given that MINA53 is a relatively less characterized histone demethylase and its function in HIV-1 replication was never reported, we focused on MINA53 for further investigation.
We first validated MINA53 in another two HIV-1 latency cell lines, J-LAT 10.6 and U1/HIV. Depletion of MINA53 by its shRNA significantly increases GFP-positive, i.e. HIVreactivated, cell population in J-LAT 10.6 ( Figure 3A) and HIV-1 Gag mRNA level in U1/HIV ( Figure 3C ) by 3-4 folds, while MINA53 shRNA significantly reduced MINA expression in both cell lines through the measurement of its mRNA level by RT-qPCR ( Figure 3B and D) or its protein level by immunoblotting (Supplementary Figure S2B) . We also confirmed that MINA53 knockdown causes no obvious effect on cell viability in tested cells (Supplementary Figure S2D ). Depletion of other histone demethylases (KDM1B, KDM5A) identified from the screen in J-LAT 10.6 and U1/HIV also caused HIV-1 reactivation (Supple- . Data were normalized to shNT samples. All above results were presented as mean ± SD from three independent experiments. (E and F) Resting CD4 T cells isolated from three donors (donors 1-3) were spinoculated with VSV-G pseudotyped dHIV-nef. Cells were transfected with siMINA53-1, siMINA53-2 or siNT. Total RNAs were extracted from these cells and analyzed by RT-qPCR to measure the mRNA level for MINA53 (E) or HIV-1 Gag (F). Data were normalized to siNT samples. All above results were presented as mean ± SD from three independent experiments (* P-value < 0.05, ** P-value < 0.01, Student's t-test). (G and H) Primary CD4 T cells isolated from three donors (donors 1-3) were activated and transduced with doxycycline-inducible pInducer10 lentiviral vector expressing shMINA53 or shNT, followed by the infection of VSV-G pseudotyped dHIV-nef. Cells were kept in culture to allow HIV-1 proviruses enter latency. shRNA expression was induced by treating cells with doxycycline. Total RNAs were extracted and analyzed by qPCR to measure HIV-1 Gag mRNA (G) or MINA53 knockdown efficiency (H). Data were normalized to shNT samples and compared across three donors. (* P-value < 0.05, one-way ANOVA test).
mentary Figure S1 ). We second validated MINA53 in two primary CD4 T cell models of HIV-1 latency. We utilized the primary resting CD4 T-cell model of HIV-1 latency established by Una O'Doherty's group (18) . Two MINA53 siRNAs (siMINA53-1 and siMINA53-2) or negative control siRNAs (siNT) were first verified in MAGI (HeLa-CD4-LTR-␤-gal) cells in terms of their MINA53 knockdown efficiency (Supplementary Figure S2C) , and then transfected into resting CD4 T cells harboring latent HIV-1 through electroporation. MINA53 or HIV-1 Gag mRNA level was measured by RT-qPCR. MINA53 knockdown by two siRNAs both moderately reduces MINA53 expression (Figure 3E ) but dramatically increases HIV-1 gene expression (3-20 fold) across three donors as compared to siNT (Figure 3F) . We also evaluated MINA53 using another primary CD4 T-cell model of HIV-1 latency previously described by Vicente Planelles' group (16) . The pInducer10 lentiviral vector expressing MINA53 or NT shRNA was transduced to primary CD4 T cells isolated from three healthy donors and stably selected by puromycin. HIV-1 latency was established in the above shRNA-transduced CD4 T cells, followed by the induction of shRNA expression by treating cells with doxycycline. Both HIV-1 gene expression and MINA53 knockdown were measured by qPCR. Compared to NT shRNA, doxycycline-induced expression of MINA53 shRNA reduced ∼50% of MINA53 expression in these cells ( Figure 3G ) but increased HIV-1 Gag mRNA level up to ∼2-fold in all three donors ( Figure 3H ). In summary, our data showed that knockdown of MINA53 consistently reactivates latent HIV in multiple cell models of HIV latency.
MINA53 contributes to HIV-1 latency through demethylation of H3K36me3 at LTR
MINA53 is a known histone demethylase. Although it is not conclusive, MINA53 may target multiple methylated histone substrates. To sort out this issue, we performed the in vitro histone demethylation assays for MINA53, which would further improve our understanding of MINA53's role in HIV-1 latency. We found that recombinant MINA53 protein preferentially demethylates H3K36me3 even at the lower dose but a dose-dependent manner, while it marginally demetylated H3K9me3, a reported MINA53 histone substrate (39) , at the higher dose ( Figure 4A ). These assays also showed that MINA53 failed to demethylate other tested histone substrates, H3K4me3 and H3K27me3 ( Figure 4A ).
We next determined whether depletion of MINA53 indeed increases the local H3K36me3 level at 5 LTR of integrated HIV-1 proviruses in J-LAT A2 cells by using ChIP-PCR assays. MINA53 protein level in J-LAT A2 cells stably expressing MINA53 or NT shRNA was determined by immunoblotting ( Figure 4B ), and these cells were lysed and subjected to crosslinking of protein-DNA complexes and immunoprecipitation of mono-, di-or tri-methylated H3K36 proteins (H3K36me1, me2 and me3) using their specific monoclonal antibodies. DNA species associated with methylated H3K36 immuno-complexes were extracted and analyzed by qPCR using the primers amplifying the nuc-1 region of HIV-1 5 LTR. Depletion of MINA53 by RNAi significantly increased the level of H3K36me3 but reduced the level of H3K36me1 at nuc-1 ( Figure 4C ). We also determined whether depletion of MINA53 reduces the level of tri-methylated H3K4 and H3K9 (H3K4me3, H3K9me3) at 5 LTR nuc-1, but there was no obvious effect (Supplementary Figure S2 ). These results confirmed that MINA53 specifically regulates the methylation status of nucleosomal H3K36 at HIV-1 promoter.
We further determined whether the MINA53 association and the coordinated level of H3K36 methylation at LTR nuc-1 were dynamically regulated once HIV-1 was reactivated from latency. HIV-1 reactivation in J-LAT A2 cells was induced by TNF␣ or mock-treated, followed by the ChIP-PCR assays for MINA53 and methylated H3K36 proteins. The protein level of MINA53 is significantly reduced at 5 LTR nuc-1 in J-LAT A2 cells treated with TNF␣ to induce HIV-1 reactivation (Figure 4D ), which also correlated with the significant increase of H3K36me3 but decrease of H3K36me1 at LTR nuc-1 ( Figure 4E ). MINA53 also associates with nuc-2 but not nuc-0, and similar to nuc-1 MINA53 dissociates from nuc-2 due to TNF␣ treatment ( Figure 4D ). These results suggest that the presence of MINA53 at HIV-1 promoter contributes to the H3K36 demethylation during latency but can be removed upon HIV-1 reactivation.
KAT8 recognizes H3K36me3 at 5 LTR and increases local level of H4K16ac
H3K36me3 is a histone marker associated with transcriptional activation, and one potential mechanism is that H3K36me3 has the cross-talk with another histone epigenetic mark H4K16ac in transcriptional regulation at HIV-1 promoter region, based on the earlier study of such crosstalk in the context of transcriptional elongation (40) and DNA damage repair (41) . We determined whether such link also exists in the situation of HIV-1 reactivation. MINA53 depletion by RNAi led to the increased level of H4K16ac at 5 LTR nuc-1 ( Figure 5A ). TNF␣ treatment also caused the similar effect ( Figure 5B ). These results suggest that elevated H4K16ac at LTR nuc-1 correlates with the increase of H3K36 methylation due to MINA53 depletion or TNF␣.
Certain histone acetyltransferases (HATs), such as KAT8 and KAT5, contain the chromodomains recognizing the methylated histones (42) , and are known to mediate the acetylation of H4K16 (43, 44) . We then determined whether these chromodomain-containing HATs (KAT8, KAT5) are the epigenetic regulators that bridge the H3K36me3 and H4K16ac histone marks. The ChIP-PCR assay for KAT8 showed that the recruitment of KAT8 at LTR nuc-1 was strikingly increased due to MINA53 depletion in J-LAT A2 cells ( Figure 5C ), but there was no obvious increase of KAT5 (Supplementary Figure S3) . TNF␣ treatment also led to a significant increase of KAT8 association at LTR nuc-1 ( Figure 5D ), suggesting that the higher level of H3K36 methylation due to the loss of MINA53 may facilitate the nucleosomal recruitment of KAT8 at HIV-1 promoter. Consistently, KAT8 shRNA reduced its expression ( Figure 5E ) and impaired the HIV-1 reactivation in J- In vitro histone demethylation assay of MINA53. Recombinant methylated histone H3 peptides (H3K36me3, H3K9me3, H3K4me3 or H3k27me3) were incubated with recombinant full-length MINA53 protein at increased doses. The reacted mixtures were separated on the SDS-PAGE gel, followed by the immunoblotting of MINA53, methylated and total H3 peptides, using their specific antibodies. (B and C) J-LAT A2 cells stably expressing shMINA53 or shNT were analyzed by protein immunoblotting to measure the MINA53 knockdown efficiency (B) or ChIP-PCR assay to measure the relative level of methylated (H3K36me1, H3K36me2 or H3K36me3) or total histone H3 peptides at HIV-1 5 LTR nucleosome nuc-1 (C), using their specific antibodies. (D and E) J-LAT A2 cells were treated with TNF␣ or mock treated, followed by the ChIP-PCR assay to measure the level of MINA53 at nucleosomes (nuc-0, nuc-1, nuc-2) around HIV-1 5 LTR (D) or methylated (H3K36me1, H3K36me2 or H3K36me3) or total histone H3 peptides at nuc-1 (E). All the ChIP-PCR results were normalized to the value from input (1%). All above results were presented as mean ± SD from three independent experiments (* P-value < 0.05, ** P-value < 0.01, Student's t-test). (Figure 5F ), indicating that KAT8 indeed has a supportive function in reversing HIV-1 from latency.
LATA2 cells induced by TNF␣ treatment
A pan jumonji histone demethylase inhibitor JIB-04 reverses HIV-1 latency
Since MINA53 belongs to the jumonji domain-containing histone demethylases, we then examined the pharmacological impact of a pan jumonji histone demethylase inhibitor, JIB-04, on HIV-1 latency. Using the ChIP-PCR assay, we confirmed that the level of H3K36me3 histone mark at 5 LTR nuc-1 was indeed increased due to JIB-04 treatment in J-LAT A2 cells ( Figure 6A ). Concurrently, treatment of JIB-04 enables the reversal of HIV-1 latency in multiple HIV-1 latency cell lines, including J-LAT A2, 10.6, J89GFP and U1/HIV ( Figure 6B-E) , in a dose-dependent manner, but shows mild cytotoxicity ( Supplementary Figure S4) . Furthermore, JIB-04 synergizes with other types of latency-reversing agents, Bryostatin-1 or JQ1, to reactivate latent HIV-1 in J-LAT 10.6 and J89GFP cells ( Figure 6D and E), determined by using the Bliss independence model (45, 46) . If the synergy indicator (fa xyO /fa xyP ) > 1, the LRA combination generates a synergetic effect. The synergy was also consistently observed when CD4 T cells harboring latent HIV-1 in two primary CD4 T-cell models, especially in the Una O'Doherty model, or CD8-depleted PBMCs from aviremic patients were treated with JIB-04 + JQ1 ( Figure  6F and G; Supplementary Figure S5 ). All these data suggest that use of the pan jumonji histone demethylase inhibitor JIB-04 could potentially induce the hypermethylation of H3K36 and lead to the reversal of HIV-1 latency, which could involve the inhibition of MINA53.
DISCUSSION
Functional genomic screens are useful approaches to identify host factors playing a role in regulating viral replications, including RNAi and CRISPR/Cas9. Recently, shRNA screens have been accomplished to search for host factors regulating HIV-1 latency (22) . From this study, the mTOR complex was identified as the facilitator of HIV-1 reactivation but no significant finding of latency-promoting genes (LPGs). By using the CRISPR/Cas9-based gene knockout strategy, we screened the sgRNA sub-libraries in J-LAT A2 cells, aiming to identify the previously unappreciated LPGs. We screened the sgRNAs targeting 3733 nuclear proteins, since this group of protein is likely enriched for epigenetic regulator of HIV-1 latency. From our nuclear protein CRISPR/Cas9 screen, we were able to identify a list of potential LPGs, which has the significant overlaps with the datasets from earlier studies of host factors that either regulate HIV-1 latency ( Figure 1C) or associate with HIV-1 proteins ( Figure 1D ). Comparison of our LPG hit list with these reported datasets not only validates the success of our screen but also directs us to those overlapped hits for further investigation of their roles in HIV-1 latency. Multiple epigenetic players involved in the regulation of chromatin modification and organization, two of the top enriched pathways, have been identified from our screen as potential LPGs with statistical significance (Figure 2A and B) . Some have been already implicated as facilitating HIV-1 latency. It has been reported that CARM1, a HMT, catalyzes the H3R26 arginine methylation and inactivates HIV-1 transcription (28) . HDACs are known to silence HIV-1 proviruses (47, 48) , and the identified HDAC-associated proteins (REST, MBD3, TBL1XR1) could promote HIV-1 latency through the modulation of HDAC activities. Recently, it has been also reported that certain HATs also contributes to HIV-1 latency . (E) J-LAT A2 cells stably expressing shKAT8 or shNT were analyzed by qPCR to measure the KAT8 knockdown efficiency. Data were normalized to shNT. (F) J-LAT A2 cells stably expressing shKAT8 or shNT were treated with TNF␣ (1 ng/ml) or mock treated, followed by the flow cytometry analysis to measure the percentage of GFP-positive cells. Data were normalized to mock-treated shNT samples. All above results were presented as mean ± SD from three independent experiments (* P-value < 0.05, Student's t-test). (49) , explaining the legitimacy that we identified a set of HAT-related proteins from our screen.
However, it is quite surprising that a group of histone demethylases (KDM1B, KDM4A, KDM5A, MINA53, UTY) was enriched from our screens as LPGs ( Figure  2B ), since earlier studies showed that multiple histone methyltransferases, the counteracting enzymes of histone demethylases, facilitate HIV-1 latency. However, these results are not necessarily conflicting with each other but rather illustrate the complicated functions of histone methylation in the epigenetic regulation of HIV-1 latency. Methylations at different sites of histones at multiple degrees may correlate with either active or inactive status of HIV-1 proviral transcription. Various histone methyltransferases and demethylases can dynamically target these histone substrates and modulate their methylation levels, further complicating the impact of histone methylation on HIV-1 proviral transcription. Methylation can occur on multiple residues, including lysines, arginines and histidines, but lysines (K) of histone tails H3 and H4 are the most common ones and well studied. In general, methylation of H3K27, H3K9 and H4K20 is associated with inactive gene expression, while methylation of H3K4, H3K36 and H3K79 is associated with active gene expression. In our case, we identified a set of histone demethylases that favor HIV-1 latency, likely due to that at least one of their substrates are active histone marks, which are either reported (H3K4me3: KDM1B, KDM5A; H3K36me3: KDM4A, MINA53) or remain to be identified in future (UTY).
The role of H3K36 methylation in HIV-1 latency is still not fully examined, and there were only limited results of this mark within the HIV-1 gene body (50) . Dimethylated H3K36 (H3K36me2) on HIV-1 genes is induced upon TNF␣ activation in a P-TEFb-dependent manner (51) . However, in a more recent study H3K36me2 seems not changed at the HIV-1 promoter upon TNF␣ activation (52) . Trimethylated H3K36 (H3K36me3) was found across the transcribed region of HIV-1, mediated by Iws1, a protein . HIV-1 viral RNAs in the supernatants were extracted and quantified by the nested qPCR assay. Data were normalized to DMSO. All above results were presented as mean ± SD from three independent experiments (P-value: * < 0.05, ** < 0.05, *** < 0.001, Student's t-test).
binding to histone chaperone Spt6, which recruits the histone methyltransferase SETD2 to the RNAPII elongation complex (53) . Interestingly, knockdown of Iws1 only decreases H3K36me3 across the transcribed region of HIV-1, but not the LTR promoter region, indicating that there is distinct regulation of this mark between HIV-1 gene body and promoter. Under this circumstance, our discovery of the histone demetylase MINA53 targeting H3K36me3 at HIV-1 promoter and contributing to HIV-1 latency is novel and the first report to link this epigenetic mark to HIV-1 latency. Our in vitro histone demethylation assay clearly confirmed that MINA53 preferentially demethylates the H3K36me3 substrate. The previous work illustrated that MINA53 weakly demethylates H3K9me3 as well (37) , consistent with our assay showing that H3K9me3 was only demethylated when a high dose of recombinant MINA53 protein was used. Aligning with these results, we observed the dynamic change of methylation of H3K36 in HIV-1 latently infected cells due to MINA53 depletion or upon TNF␣ activation, reduction of H3K36me1 and increase of H3K36me3 at LTR nuc-1 ( Figure 4C and E), but there is no change of H3K9me3 or H3K4me3 ( Supplementary Figure S2 ). In addition, we observed that MINA53 knockdown yielded the better HIV-1 latency-reversing effect in primary cells using the Una O'Doherty model ( Figure 3E and F) , which could be explained by that HIV-1 latency established in resting CD4 T cells more physiologically mimics the natural HIV-1 reservoirs in cART-treated HIV patients.
Another significant finding is that MINA53-regulated H3K36me3 and KAT8-mediated H4K16Ac has a crosstalk at HIV-1 promoter to regulate HIV-1 latency ( Figure  5 ). It was known that the cross-talk of H3K36me3 and H4K16ac play important roles in transcriptional regulation and DNA damage responses. For example, it was reported that H3K36me3 stimulates H4K16ac upon DNA double-strand break (DSB) induction in human cells, and DSB-induced H4K16ac was abolished upon depletion of STD2 (41) . H4K16ac is generally considered as an active marker of transcription, and KAT8 and KAT5 are the two major histone acetyltransferases catalyzing the generation of H4K16ac (41, 44, 54, 55) . Both KAT8 and KAT5 contain the chromodomain that recognizes the methylated histones. However, the exact methylated histone marks that can be recognized by these HATs are not reported. Our results revealed that the increase of local H3K36me3 due to MINA53 depletion, leading to the significant increase of KAT8 occupancy ( Figure 5C ) but not KAT5 (Supplementary Figure  S3) at LTR nuc-1, correlating with higher level of H4K16ac ( Figure 5A ). Our finding revealed a new epigenetic pathway at the promoter region that regulates HIV-1 latency. In our working model (Figure 7) , we propose that the occupancy of MINA53 at the latent promoter is removed due to HIV-1 reactivation, leading to the increase of H3K36me3, which is subsequently recognized by KAT8 leading to the induction of H4K14ac, favoring HIV-1 transcription. These findings are important for understanding the epigenetic regulation of HIV-1 latency, and potentially the H3K36me3-H4K16ac axis can be targeted pharmacologically to eradicate latent HIV-1.
Thus, we tested the HIV-1 latency-reversing effect of a pan jumonji histone demethylase inhibitor JIB-04. Ear- lier studies of JIB-04's anticancer activities demonstrated that JIB-04 selectively inhibits Jumonji demethylases over others in vitro, including DNA demethylase (TET1) and another type of histone demethylase (LSD1), and its inhibitory effect depends on the Jumonji levels in cells (15) . Interestingly, JIB-04 was shown to inhibit enzymatic activities and cellular functions of KDM4A (56) (57) (58) (59) and KDM5s (60, 61) , while both KDM4A and KDM5A were identified as potential LPGs from screens ( Figure 2B ). It is plausible since these jumonji histone demethylases, KDM4A and KDM5A, indeed catalyze the active marks H3K36me3 and H3K4me3 respectively, as one of their substrates (62) .
Our results also showed that JIB-04 treatment increases the local H3K36me3 level at LTR nuc-1 ( Figure 6A ), further supporting the correlation of this mark with HIV-1 reactivation. The JIB-04 effect on the methylation of other histone sites at HIV-1 promoter and gene body needs further more profound analysis. Nevertheless, JIB-04 enables HIV-1 latency-reversal by itself ( Figure 6B and C) or combined with other LRAs (Figure 6D-G) . In particular, overall it is quite consistent that JIB-04 synergizes with JQ1 to reverse HIV-1 latency from latency T-cell lines ( Figure   Nucleic Acids Research, 2019, Vol. 47, No. 14 7345 6D and E), primary cell models ( Figure 6F , Supplementary Figure S5 )--especially in the Una O'Doherty model, to reservoir cells from cART-treated HIV patients ( Figure  6G ). On the contrary, we observed that JIB-04 only synergizes with Bryostatin-1 in latency T-cell lines ( Figure 6D and E) but not in primary cells. This could be largely due to the difference between primary cells and immortalized T-cell lines in terms of many factors affecting HIV-1 proviral expression, such as transactivation signaling, chromatin status, cell proliferation and so on. An alternative explanation is that JIB-04+Bryostatin likely reactivates latent HIV-1 through certain common pathways while JIB-04+JQ1 through distinguished ones so that a synergy is generated in primary cells. This has been observed for other LRAs as well (46) . Therefore, the synergy among LRAs really depends on cell types and varies across different cell systems of HIV-1 latency. Furthermore, a recent study suggested that JIB-04 (3 M) could inhibit Tat-mediated HIV-1 transcriptional elongation in 2D10 latency cell line, likely through increasing Tat K63-ubiquitylation and destruction via autophagy (63) . It is curious that the authors found the effect of JIB-04 was not through putative histone demethylase targets. Such discrepancy indicates that JIB-04 may modulate HIV-1 proviral transcription more profoundly, depending on compound's concentration, cellular heterogeneity or alternative targets. Above all, these results further illustrate the complicated role of histone methylation, involving multiple sites and degrees as well as many host methylation/demethylation enzymes, in regulating HIV-1 latency. In earlier studies, a set of inhibitors for histone methyltransferases was tested for their HIV-1 latency-reversing potency, including histone methyltransferase inhibitors (HMTis) for EZH2 (GSK-343, EPZ-6438) (25, 26) , G9a (UNC-0638, BIX01294) (25, 64) and SUV39H1 (Chaetocin) (65)--all of these HMTs preferentially catalyze the suppressive marks (H3K27me3, H3K9me2-3). Given to the results of our studies, the compounds modulating histone methylation at HIV-1 latent promoters need to be carefully selected for the use of LRAs, ideally to only remove the inactive marks but reserve or boost the active marks at the same time.
